The pressure behavior of proteins may be summarized as a the pressure-induced disordering of their structures. This thermodynamic parameter has effects on proteins that are similar but not identical to those induced by temperature, the other thermodynamic parameter. Of particular importance are the intermolecular interactions that follow partial protein unfolding and that give rise to the formation of fibrils. Because some proteins do not form fibrils under pressure, these observations can be related to the shape of the stability diagram. Weak interactions which are differently affected by hydrostatic pressure or temperature play a determinant role in protein stability. Pressure acts on the 2º, 3º and 4º structures of proteins which are maintained by electrostatic and hydrophobic interactions and by hydrogen bonds. We present some typical examples of how pressure affects the tertiary structure of proteins (the case of prion proteins), induces unfolding (ataxin), is a convenient tool to study enzyme dissociation (enolase), and provides arguments to understand the role of the partial volume of an enzyme (butyrylcholinesterase). This approach may have important implications for the understanding of the basic mechanism of protein diseases and for the development of preventive and therapeutic measures.
Introduction
Recent results have demonstrated the potential of high hydrostatic pressure methods to reveal various protein structural changes that are inaccessible to conventional biochemical or biophysical methods (1, 2) . The native structure of a protein, i.e., the conformation that displays biological activities, is the result of a delicate balance between stabilizing and destabilizing interactions (strong or weak) within the protein polypeptide chains and between the protein and its solvent. As already pointed out, native biomacromolecules are stable in a narrow physical-chemical zone depending both on the nature of the biomaterials itself and on the environmental conditions such as the presence of other proteins, nucleic acids, membranes, lipids, solutes, and the physicalchemical properties of the solvents, comprising salts, pH, temperature, etc. (3). The S. Marchal et al. main reason for this are weak interactions which are involved in the three-dimensional structure of biomacromolecules and in biocatalytic processes. Weak interactions are one of the keys to understanding the effects of pressure on biomaterials since these materials are strongly affected by pressure (and also by temperature) (4) .
The role of weak interactions and their pressure dependency
The biological role of weak interactions has been already described in the literature (5) , and in the current paper we would like to present recent examples of some biological reactions in which such interactions are affected by pressure.
Weak interactions are involved either at the intramolecular or the intermolecular level. The main intramolecular interactions found in biomacromolecules are ionic, hydrophobic, hydrogen interactions, and hydration (H bonds with water molecules of the first hydration shell and with water trapped in protein cavities). Intermolecular interactions are those governing protein-protein, enzymesubstrate or enzyme-inhibitor, protein-ligand, and protein-solvent interactions. Depending on their nature, these interactions are positively or negatively pressure-affected (and/ or temperature-affected).
Electrostatic interactions are weakened at elevated pressure due to electrostriction. Hydrogen bonds, as well as stacking of aromatic residues are stabilized by high pressure, whereas hydrophobic interactions, which are the most important weak interactions for protein stabilization, are unfavorably affected by pressure (6) .
Both intra-and intermolecular interactions are involved in reaction pathways. This is the case of protein aggregation where intramolecular interactions govern the first steps of the reaction, i.e., the transformation of a globular native protein conformation into a partially unfolded state (a reaction where one or more intermediate states could be involved). The second step of the aggregation processes is then governed by intermolecular reactions occurring where stacking between proteins leads to aggregates, e.g., amyloid (or fiber) formation (7) .
Covalent interactions are out of the scope of this review because they are not pressure dependent below 1 GPa. However, cases have been reported in which even higher pressures have been applied.
Pressure effects on protein structures
If the primary protein structures are generally unaffected by pressure at ordinary temperature since they are maintained by covalent interactions, secondary, tertiary and quaternary structures are affected by pressure because weak interactions are involved. Quaternary structures are more affected than the tertiary and secondary structures. Recent reviews deal with this problem (8, 9) .
Typical examples
The following results were obtained mainly using spectroscopic methods specially adapted for high pressure experiments (10, 11) .
Pressure effects on tertiary structure: the case of prion proteins
According to Prusiner's hypothesis, prion protein (PrP) is involved in transmissible spongiform encephalopathy diseases (12) . This appears to be caused by an aberrant conformational change of the cellular PrP, leading to its deposition in the form of amyloid fibrils. Recently, we have shown that using high-pressure perturbation, recombinant PrP can be converted to different novel misfolded conformers (13) (14) (15) . By a judicious choice of pressure, temperature, pH, and incubation time, it is possible to attain several distinct PrP structures. Two of them are potentially malignant: one appears to be a pre-amyloid aggregated form, and the other is an amyloid aggregate characterized by the formation of fibrils and fibrillar bundles. Both aggregate types were resistant to protein kinase digestion. Moreover, the amyloid fibrils showed birefringence of polarized light after Congo red staining, a strongly decreased 1-anilinonaphthalene-8-sulfonic acid (ANS) binding capacity and an enhanced binding of thioflavin T. This behavior suggested that pressure unraveled alternative routes of PrP misfolding in comparison with classical denaturant agents such as urea or elevated temperature.
It is becoming increasingly clear that protein aggregation is a complex process involving several kinds of intermediates and resulting in different amyloid fibrils or amorphous aggregates (16) . Our results (14, 15) suggest that during recombinant PrP misfolding and aggregation, induced by different perturbing agents (i.e., chemical denaturants at acidic pH, high temperature, or high pressure), competing pathways exist leading to a mixture of different conformations (i.e., amyloid and amorphous aggregates). Depending on the experimental conditions, different routes of misfolding can be favored, leading to various final conformers. Indeed, different structural responses to pressure are observed between the different PrP aggregates formed. We demonstrated that aggregates resulting from heating above 60ºC can be completely reversed by high pressure. In contrast, we monitored only partial solubilization under high pressure of the aggregates formed at 1 M GdnHCl and pH 4.0. In addition, within the experimental resolution of our spectroscopic techniques, aggregates obtained after overnight incubation at 600 MPa were insensitive to a further pressurization cycle. Such complex multitude of different PrP isoforms obtained is in accordance with branching pathways during aggregation. One of them could be involved in populating the pathologic prion form. Thus, we are pursuing our efforts to attain the infectious conformation from a recombinant PrP. We may speculate, in agreement with the latest findings from Prusiner's group, that the infectious form may represent a restricted fraction of ß-rich forms produced, not sufficient to trigger disease (17) .
Increasing protein concentration increases the likelihood of aggregation. For instance, at low protein concentration, a simple two-state, reversible unfolding transition of recombinant PrP was observed. The results suggested that at high pressure (between 400-600 MPa), complete unfolding of PrP was not achieved. It was apparent that the tyrosine residues were, on average, more exposed to the aqueous solvent, and the formerly two well-exposed tryptophans displayed interactions with nonpolar residues. Although there was no evidence of the appearance of scattering aggregates at high pressure, reversible thioflavin T binding was observed, suggesting a structural change from a misfolded to a metastable oligomeric structure. To investigate further the origin of this enhanced thioflavin-T binding at high pressure, we performed unfolding at a higher protein concentration (2 mg/ml). After treatment of PrP with pressures above 500 MPa, the above-mentioned thioflavin T-binding intermediate underwent aggregation.
In the case of protein-coding mutations, the relevance of specific protein domains to the tendency to aggregate can be tested. The high-pressure approach applied to singlepoint variants of the 132-160 region revealed an ensemble of conformations between native and unfolded states of PrP (18) . The results argue in favor of a central, eventually initial role of the 132-160 region in the PrP C to PrP Sc conversion, and the significant structural stabilizing role of two particular residues. In fact, depending on the experimental conditions used, the pressure-induced intermediate states of the variant proteins underwent aggregation. In addition, the variants were characterized by a substantially increased propensity to form a ß-sheet-rich conformer under identical conditions, when compared to wild-type protein.
Pressure-induced unfolding of human ataxin-3
The human ataxin-3, a member of the polyglutamine family of proteins, is responsible for spinocerebellar ataxia type 3, also known as Machado-Joseph disease (19) . Expansion of a CAG repeat coding for polyglutamine (polyGln) in the C-terminal part of the 42-kDa ataxin-3 protein leads to neurodegenerative disorders, as well as formation of proteinaceous aggregates such as nuclear inclusions (20) . Although the elongated polyGln stretch of mutant ataxin-3 is considered to be the pathological hallmark of Machado-Joseph disease and protein fibrillogenesis (21), non-expanded forms of ataxin-3 are also observed within nuclear inclusions in neurons (22) . In order to explore how perturbation of the folding process leads to inappropriate structural change and to gain further insight into the modulation of protein stability by the polyGln tract, we performed a comparative analysis of two non-pathological variants of ataxin-3, the human protein with 26 glutamines (Q26) within its polyGln tract and the murine orthologue containing only 6 Gln residues (Q6). These proteins display high sequence homology with a conserved N-terminal region (Josephin domain) and a C-terminal region where the polyGln sequence is located.
Using complementary biophysical techniques including spectroscopic methods and electron microscopy, we have shown that the pressure-induced unfolding of human ataxin-3 (Q26) was characterized by a complex mechanism, implying several steps and unfolding intermediates within the experimental pressure range (23) . First, the protein started to unfold in a relatively low-pressure range (P 1/2 = 145 MPa). The destabilizing effect of pressure induces a partial solvent exposure of tryptophan residues and hydrophobic regions of the protein (conformer 1). Based on various results, we proposed that the length of the polyGln tract disrupts the stability of the native conformation of human ataxin-3. Perturbation by higher pressure (600 MPa) leads to subsequent conformational changes of Q26 protein and to the accumulation of a partially unfolded, aggregation prone species (conformer 2). In addition, thioflavin T bound to the partly unfolded state of ataxin-3 suggesting the formation of soluble metastable structures at high pressure. This conformer underwent concentration-dependent aggregation that probably followed a nucleation-dependent pathway, as observed by electron microscopy of ataxin-3 aggregates.
In order to validate our proposed mechanism of human Q26 ataxin-3 unfolding and aggregation for pathogenic forms of ataxin-3, we used as a model the human Q36 variant which forms amyloid fibrils at high temperature (24) . Our data show at least two distinct unfolded conformers of the expanded form of ataxin-3 accumulated during pressurization (25), similar to those observed for the human Q26 ataxin-3 (23). The only major difference between the pressure-induced unfolding profiles of Q26 and Q36 proteins was the amplitude of the first transition. However, conformational changes occurring at a later stage were similar for both proteins. This observation supports the notion that even if elongation of the polyglutamine tract in ataxin-3 affects the native conformation of the protein, non-polyglutamine regions and domains remain less sensitive to unfolding at moderate pressure.
Altogether, these results are consistent with the hypothesis that the glutamine repeat length is a negative determinant of ataxin-3 stability but not the only factor determining protein aggregation (26) . The thermodynamic stability of human ataxin-3 is mainly governed by the properties of the Josephin domain (27) . Variations of glutamine repeat length increase the protein's propensity to aggregate as a distinct pathway with respect to protein unfolding. In order to assess our knowledge of ataxin-3 fibrillogenesis and to define the structural properties of the amyloidogenic intermediate, further investigations are currently underway using hydrostatic pressure as a thermodynamic perturbant.
Pressure as a tool to study enzyme dissociation
This example concerns experiments performed with yeast enolase to try to answer the following question: can monomers of yeast enolase have enzymatic activity?
Enolase catalyzes the interconversion of 2-phosphoglyceric acid and phosphoenolpyruvate. Most enolases are dimers. Each dimer contains two active sites and the active site appears to be completely contained within the monomer (28) (29) (30) . This suggests that enolase monomers should be active. However, in most dissociation experiments on enolase, the resulting monomers were inactive (31) (32) (33) (34) (35) . As a general rule, the pressure required to dissociate oligomeric proteins is less than that required for denaturation. We felt, therefore, that it was reasonable to hope that hydrostatic pressure would dissociate enolase, while preserving the native secondary and tertiary structure and the enzymatic activity.
However, our first experiments with hydrostatic pressure proved us wrong. We subjected yeast enolase to pressure and monitored the ultraviolet (UV) spectrum, activity after release of pressure and, using stoppedflow under pressure, activity under pressure. The changes in UV and activity were fully reversible and all occurred in the same pressure range, with no evidence of intermediates. The pressure-induced inactivation of enolase was a two-state process. The monomers were inactive. In the same set of experiments, we determined the effects of high salt (KCl) and EDTA on the dissociation. Enolase is a metalloenzyme and our experiments were normally performed in the presence of Mg 2+ . The results showed that at least three processes were involved in dissociation of enolase by pressure: disruption of electrostatic interactions, loss of Mg 2+ , and exposure and hydration of buried surfaces (36) .
Could we, by using a different divalent cation, produce holo-monomers (monomers that still had the cation bound)? If so, would they be active? Preliminary experiments comparing the effects of pressure on apo-enolase, Mg 2+ -enolase, and Mn 2+ -enolase indicated that the Mn 2+ stayed bound to the protein at pressures up to 220 MPa. Detailed spectral studies with Mn 2+ -enolase showed that pressure was producing multiple changes in the fluorescence and UV spectra, similar to those produced with Mg 2+ -enolase. However, with Mn 2+ -enolase, the spectral changes did not all occur at the same pressure, indicating that multiple processes are occurring. Experiments were then performed as a function of protein concentration. They showed that the first step to occur was dissociation. The spectral changes for this step were small; simulations showed that the spectral changes are due to changes in the polarity of the environment of several tyrosines. We believe that these changes arise from two tyrosines that are pointing at a cleft between the two subunits (37) . In this pressure range where the first process occurs, we could not demonstrate inactivation of the enzyme. Pressure has produced monomers that have retained the divalent cation, retained enzymatic activity and, based on the small spectral changes, have retained the native structure (38) .
As the pressure is increased, further changes occur in both the UV and fluorescence spectra. At least some of these are due to changes in the environment of tryptophan residues. Depending on its concentration, Mn 2+ may be lost or retained. Although further spectral changes are occurring, as long as Mn 2+ remains bound, the monomers are active. With hydrostatic pressure, we are able to produce and study three conformations of this enzyme: apo-monomers, Mn 2+ -monomers (low pressure form), and Mn 2+ -monomers (high pressure form).
We would like to learn something about the structural differences between these forms of the protein and how the changes in structure relate to changes in activity. There is a tryptophan -W56 -that is at the subunit interface. The side chain points to the interior of the subunit, while the backbone amide is hydrogen bonded to the side chain of a glutamic acid residue on the other subunit. We have used mutagenesis to perturb this subunit interaction. In the low pressure Mn 2+ -monomers there are no changes in tryptophan fluorescence, indicating that the side chain is still buried in the interior (Padovani A and Kornblatt MJ, unpublished data). As the pressure is increased, this residue becomes more exposed. Residue 56 is at the end of a long loop, residues 36-60. Near the beginning of this loop is a very mobile region, residues 37-41, which changes conformation upon binding of substrate. It is thus possible that the movement of W56 which occurs in the monomer as the pressure is raised is communicated to the active site via this loop.
We have succeeded in producing multiple conformations of yeast enolase by the application of hydrostatic pressure. The combination of spectral and activity measurements under pressure and site-directed mutagenesis will allow us to begin to dissect the structural and functional changes that are occurring in this protein.
Role of the partial molar volume of proteins. The case of an enzyme
Butyrylcholinesterase (BuChE, EC. 3.1.1.8), a non-specific esterase, is closely related to acetylcholinesterase (EC.3.1.1.7), the enzyme which terminates the action of the neurotransmitter acetylcholine. BuChE has no clear physiological function, but may be involved in the development of the nervous system and in neurodegenerative diseases. However, it scavenges or detoxifies numerous poisonous esters (such as organophosphates, carbamates, and cocaine). The X-ray structure of human BuChE was recently solved (39) . Precise knowledge of the catalytic mechanisms of BuChE and of structure-activity relationships are needed. Several kinetic studies of BuChE under pressure have already been published. These studies provided valuable information on physicochemical events accompanying substrate/inhibitor binding and chemical steps along catalytic pathways. In particular, the importance of hydration changes during BuChEcatalyzed reactions was brought to the fore (40) (41) (42) . An important issue is to understand the molecular mechanisms underlying the different reactivity of BuChE with oxo-esters versus thio-esters. Because pressure is known to alter the elementary rate constants, depending on the sign and magnitude of volume changes and activation volumes accompanying each step in an enzyme reaction (43) , the effects of pressure on the steadystate catalytic parameters of human BuChE towards two positively charged substrates were investigated. Substrates were the oxoester benzoylcholine (BzCh) and the thioester benzoylthiocholine (BzSCh). Kinetic measurements were achieved using the stopped-flow apparatus working at a pressure up to 200 MPa (10) . Under standard conditions, the rate-limiting step for hydrolysis of BzCh by human BuChE is deacylation (k 3 ), whereas it is acylation (k 2 ) for hydrolysis of the homologous thio-ester BzSCh (44) . Steady-state hydrolysis of BzCh and BzSCh by wild-type BuChE and its D70G mutant was investigated at different hydrostatic pressures (up to 150 MPa) (45) . Elementary volumetric contributions, i.e., volume changes and activation volumes upon initial binding, productive binding, acylation, and deacylation were calculated from the pressure differentiation of binding and kinetic constants. This analysis shed light on the molecular events taking place along the pathways of BzCh and BzSCh hydrolysis by BuChE. Indeed, a differential nonlinear pressure dependence of the catalytic parameters (K m , k cat and k cat /K m ) for hydrolysis of both substrates was shown. Non-linearity of the plots may be explained in terms of compressibility changes or rate-limiting changes with pressure. To distinguish between these two possibilities, irreversible enzyme phosphorylation by diisopropylfluorophosphate was studied in the presence of substrate (BzSCh) under pressure. Phosphorylation of the enzyme was similar to acylation by esters/thio-esters (k 2 ). There was no pressure dependence of volume change for diisopropylfluorophosphate binding or activation volume for phosphorylation, indicating no compressibility change with pressure. Thus, analysis of the pressure dependence for steady-state hydrolysis of substrates, and for an irreversible acylation reaction provided evidence that no enzyme compressibility changes occurred during BuChE-catalyzed reactions, and that the nonlinear pressure dependence of substrate hydrolysis reflects changes in the rate-limiting step with pressure. A change in the rate-determining step occurred at a pressure of 100 MPa for hydrolysis of BzCh by BuChE. For hydrolysis of BzSCh the change occurred at higher pressures because k 2 << k 3 at atmospheric pressure for this substrate.
Though activation volumes are related to the activation free energy change by the relation (δ∆G ‡ /∆P) T = ∆V ‡ , the sign and magnitude of ∆V ‡ did not provide enough information to characterize the rate-determining step at atmospheric pressure in terms of binding energy and geometry of the transition state. However, analysis of volume profiles can provide new insights into the fluctuations of the enzyme volumes along the catalytic pathway. Such an approach was successfully used for other enzyme systems (46) . Concerning the molecular bases of the differential reactivity of BuChE towards oxoesters versus thio-esters, the activation volume for acylation was found to be positive for BzCh, whereas it was negative for BzSCh. This indicates that the transition state for acylation by BzSCh is more compressed compared to that for BzCh. This difference between thio-and oxo-ester may result from electronic and/or steric features of the ethereal sulfur atom compared to oxygen. Study on other couples of oxo/thiosubstrates is in progress in order to determine the relative contributions of heteroatom electro-negativity and bond geometry to the stabilization of acylation transition state.
Through the examples above we have shown that pressure provides convenient means to study protein conformational changes. Recent results from different laboratories indicate that pressure is particularly applicable to the study of protein aggregation and/or amyloid fibril formation. This topic is a challenge for the understanding of amyloidoses which are a variety of diseases or pathological states that share the common property of b-structured protein fibril deposits (amyloids). High-pressure experiments have been performed using both model and pathological proteins (47) (48) (49) (50) (51) . As pointed out recently by Foguel and Silva (52) : "The use of high pressure promises to contribute to the identification of the mechanism behind these effects and the creation of therapies against these diseases".
